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Summary
AU-rich elements (AREs) in the 3 untranslated region
(UTR) of unstable mRNAs dictate their degradation.
An RNAi-based screen performed in Drosophila S2
cells has revealed that Dicer1, Argonaute1 (Ago1) and
Ago2, components involved in microRNA (miRNA)
processing and function, are required for the rapid
decay of mRNA containing AREs of tumor necrosis
factor-. The requirement for Dicer in the instability
of ARE-containing mRNA (ARE-RNA) was confirmed
in HeLa cells. We further observed that miR16, a hu-
man miRNA containing an UAAAUAUU sequence that
is complementary to the ARE sequence, is required
for ARE-RNA turnover. The role of miR16 in ARE-RNA
decay is sequence-specific and requires the ARE
binding protein tristetraprolin (TTP). TTP does not di-
rectly bind to miR16 but interacts through association
with Ago/eiF2C family members to complex with
miR16 and assists in the targeting of ARE. miRNA
targeting of ARE, therefore, appears to be an essen-
tial step in ARE-mediated mRNA degradation.
Introduction
The expression of most genes is regulated by multiple
mechanisms, and an important control of gene expres-
sion is exerted through mRNA stability. The stability of
mRNAs is regulated by a variety of signals acting on
specific sequences within the RNA. AU-rich elements
(AREs), located in the 3# untranslated region (UTR) of
a variety of short-lived mRNAs such as cytokines and
protooncogenes (Shaw and Kamen, 1986), are the most
conspicuous among various cis-acting destabilizing el-
ements identified so far. The destabilizing function of
ARE is believed to be regulated by factors with specific
ARE binding activities (Shyu and Wilkinson, 2000). Sev-
eral ARE binding proteins have been identified, and*Correspondence: jhan@scripps.edu
4 Present address: Department of Cardiology, Changhai Hospital,
Shanghai, China.their participation in regulating the stability of ARE-RNA
is supported by experimental observation (Stoecklin et
al., 2002; Zhang et al., 1993; Fan and Steitz, 1998; Lar-
oia et al., 1999; Ma et al., 1996; Gueydan et al., 1999).
These proteins either promote ARE-RNA degradation,
as demonstrated for TTP (also known as Tis11) and
BRF1 (Tis11B) (Carballo et al., 1998; Stoecklin et al.,
2002), or increase their stability, which is the case for
HuR (Fan and Steitz, 1998; Peng et al., 1998). In vitro
studies have shown that the exosome can be recruited
to AREs and execute the degradation of ARE-RNA
(Chen et al., 2001; Mukherjee et al., 2002). However,
despite the significant progress made, the mechanical
basis of ARE-mediated mRNA instability remains neb-
ulous.
miRNAs are short noncoding single-strand RNA spe-
cies found in a wide variety of organisms. Binding of
the miRNA to the mRNA results in translational repres-
sion of the protein-coding genes (Lee et al., 1993;
Wightman et al., 1993; Reinhart et al., 2000) or cleavage
of mRNA (Yekta et al., 2004) depending on the degree
of complementarity (Hutvagner and Zamore, 2002;
Doench et al., 2003; Saxena et al., 2003). With the ex-
ception of a few, very little is known about the targets
of miRNAs. Although the mechanism of miRNA action
remains elusive, their biogenesis is rapidly becoming
clear. Primary miRNA transcripts are first processed in
the nucleus to produce a hairpin RNA of w70 nt (Lee
et al., 2003). This pre-miRNA is then exported into the
cytoplasm where Dicer cuts the hairpin (Bernstein et
al., 2001; Hutvagner et al., 2001) and one of the two
strands of the miRNA intermediate is incorporated into
the RNA-induced silencing complex (RISC) (Martinez et
al., 2002; Hutvagner and Zamore, 2002). The RISC com-
plex in Drosophila cells contains argonaute 2, the vasa
intronic gene product (VIG), the Drosophila homolog of
the fragile X mental retardation protein dFXR, and the
tudor staphylococcal nuclease (Tudor-SN) (Hammond
et al., 2001; Caudy et al., 2003). A study using HeLa
cells has revealed that a number of miRNAs reside in a
15S miRNP complex containing eiF2C2/hAgo2, Gemin3,
and Gemin4 (Mourelatos et al., 2002). The involvement
of mammalian eiF2C family members in posttranscrip-
tional gene silencing also has been shown by other
studies (Doi et al., 2003; Martinez et al., 2002). Whether
the 15S miRNP and RISC are similar or distinct com-
plexes is currently unclear. It should be noted that
miRNA and RNAi share some cellular machinery in their
maturation, and the mechanisms by which miRNA and
RNAi execute their functions are similar, if not identical,
since endogenous miRNAs can cleave mRNAs with
perfect complementarity, and exogenously introduced
siRNA can translationally repress mRNAs bearing im-
perfect complementary binding sites (Doench et al.,
2003; Saxena et al., 2003).
To better understand the mechanisms of ARE-medi-
ated mRNA instability, we used RNAi to screen a
number of genes in S2 cells for their requirement in the
degradation of ARE-RNA. We found that Dicer and ar-
gonaute, the key components of miRNA/RNAi system,
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624are required for the ARE-mediated mRNA decay in Dro-
sophila cells. A requirement of Dicer in ARE-RNA deg- b
radation was further confirmed in HeLa cells. Sequence e
analysis revealed that a miRNA, miR16, carries a se- A
quence of UAAAUAUU, which is complementary to m
ARE. We further provide evidence that mRNA decay, W
mediated by the ARE of TNF mRNA, is dependent on s
the presence of miR16. In the quest for the underlying g
mechanism, we found that TTP indirectly interacts with l
miR16. The association of TTP and miR16 in cells most 9
likely occurs through interaction between TTP and T
eiF2C/Ago family members, which are components of o
RISC. The interaction between TTP and RISC may ac- w
count for the TTP-enhanced sequence-specific pull- l
down of miR16 by ARE in our experiments. Our data 1
suggest that two classes of molecules, ARE binding (
proteins and miRNA, are involved in recognition of the t
ARE sequence. The cooperation of miRNA and ARE d
binding proteins, like TTP, appears to be essential in A
ARE-mediated mRNA degradation. A
d
Results t
a
Double-Stranded RNAi in S2 Cells Can Be
Used to Screen Genes that Are Required e
for the Degradation of ARE-RNA A
To better understand the regulation of ARE-RNA degra- n
dation, we set out to identify genes that are required g
for ARE-RNA degradation. RNAi can specifically and ef-
fectively silence the expression of targeted genes in D
Drosophila S2 cells (Clemens et al., 2000), providing an H
opportunity to examine a large number of candidate R
genes regarding their function in ARE-RNA degrada- t
tion. However, it is not intuitively clear whether S2 cells S
can be used to study ARE-mediated mRNA instability. s
Therefore, we first evaluated the possibility of using S2 r
cells to screen for genes involved in ARE-mediated
s
mRNA degradation.
b
Destabilization of β-globin mRNA, by attaching ARE
Rto its 3#UTR, has been widely used to assess the effect
tof ARE on mRNA stability (Shaw and Kamen, 1986). We
capplied the same strategy here in S2 cells. The rabbit
Iβ-globin gene was fused with DNA fragments encoding
R3#UTR from several short-lived mRNAs of tumor necro-
vsis factor-α (TNF-α), interleukin-6 (IL-6) and IL-8 and
mwas then subcloned into a Drosophila expression vec-
mtor pRMHa-3, which utilizes a copper-inducible metal-
Rlothionein promoter. As controls, we used inverted
t3#UTR of TNF-α (inv-ARETNF) and ARE-deleted TNF-α
d3#UTR (ARE). Next, these vectors were transfected
kinto S2 cells to establish stable cell lines. The expres-
msion of β-globin mRNA was induced by adding CuSO4.
RTranscription was inhibited by actinomycin D (ActD)
a(Figures 1A and 1B), or by inactivation of the metallothi-
Donein promoter through Cu2+ removal (Figure 1C). Real-
otime PCR was used to quantitate β-globin mRNA. The
3#UTR from these short-lived mRNA destabilized β-glo-
rbin mRNA in S2 cells (Figures 1A and 1C). The half-life
Sof the ARE-RNA reporter is about 1.2 hr in S2 cells,
hand its decay continues thereafter. In contrast, inverted
u3#UTR of TNF-α and ARE-deleted TNF-α 3#UTR cannot
rdestabilize β-globin mRNA (Figures 1B and 1C). These
Hresults demonstrate that ARE promotes mRNA decay
in Drosophila S2 cells. (To determine whether the regulation of ARE-RNA sta-
ility in S2 cells is similar to that in mammalian cells, we
xamined whether Drosophila homologs of mammalian
RE binding protein, TTP and HuR, behave similarly to
ammalian TTP and HuR in altering ARE-RNA stability.
e used RNAi to suppress the expression of the Dro-
ophila TTP (dTTP; gene name, dTis11) and HuR (dHuR;
ene name, Elav). Our results show that the mRNA
evels of the targeted genes were reduced more than
0% within 48 hr of dsRNA treatment (data not shown).
o ensure reduction at the protein level, a second round
f RNAi was performed on day 3, and RNA stability
as analyzed on day 4. The reduction in the mRNA
evel of targeted genes on day 4 is shown in Figure
D. As observed in mammalian cells, depletion of dTTP
dTTPd) leads to stabilization of β-globin mRNA con-
aining 3#UTR of TNF-α (Figure 1E), and depletion of
HuR (dHuRd) did not change the half-life of short-lived
RETNF-RNA (Figure 1E). Decaying mRNAs without the
RE sequence were not affected by the depletion of
TTP or dHuR (data not shown). These data suggest
hat Drosophila and mammals possess a similar mech-
nism in controlling the decay of ARE-RNA.
Having shown the effectiveness of using RNAi to
valuate the requirement of ARE binding protein in
RE-mediated mRNA degradation, we next screened a
umber of genes for their involvement in ARE-RNA de-
radation.
icer Is Required for ARE-RNA Decay
aving screened more than thirty different genes using
NAi in S2 cells, we found that Dicer1 is required for
he rapid degradation of ARE-RNA (see Table S1 in the
upplemental Data available with this article online). As
hown in Figures 2A and 2B, RNAi in S2 cells effectively
educed Dicer 1 mRNA, and reduction of Dicer1 expres-
ion in S2 cells (dDicer1d) caused stabilization of β-glo-
in mRNA containing TNF-α ARE. The stability of ARE-
NA was not affected when the cells were treated with
he RNAi of an unrelated gene, Drosophila peptidogly-
an recognition protein LC (dPgrp). Dicer 1 is an RNase
II family member, playing a key role in processing small
NAs in miRNA systems (Bernstein et al., 2001; Hut-
agner et al., 2001). The requirement of Dicer1 in ARE-
ediated RNA degradation suggests involvement of
iRNA pathways in controlling the half-life of ARE-
NA. Therefore, we examined other core elements of
he miRNA pathways for their involvement in ARE-RNA
egradation. Proteins of the RDE-1/AGO family are
nown to function together with Dicer in processing
iRNA precursors or double-strand RNA into small
NAs with lengths of w21–26 nucleotides (Williams
nd Rubin, 2002; Hutvagner et al., 2001). Inhibition of
rosophila Ago1 or Ago2 also leads to the stabilization
f ARETNF-RNA in S2 cells (Figures 2C and 2D).
Next, we examined whether the miRNA system has a
ole in ARE-mediated mRNA decay in mammalian cells.
ilencing the human Dicer gene in HeLa cells by siRNA
as been reported (Hutvagner et al., 2001) and was
sed here to diminish the expression of this gene. The
eduction of Dicer protein in Dicer siRNA-expressing
eLa cells (Dicerd) was confirmed by Western blots
Figure 2E). The levels of Let7 and miR16 in Dicerd, and
miRNA in AU-Rich Element-Mediated RNA Turnover
625Figure 1. ARE-Mediated mRNA Instability in Drosophila S2 Cells
(A) S2 cells were stably transfected with a Cu2+-inducible expression vector containing β-globin gene or β-globin gene fused with the 3#UTR
of either TNF-α, IL-6, or IL-8. These cells were labeled as control, ARETNF, AREIL-6, and AREIL-8, respectively. Gene expression was induced
by CuSO4 (0.5 mM). ActD (10g/ml) was added 10 hr after Cu2+ treatment, and total RNA was isolated at different time periods after ActD
addition. The stability of these ARE-containing mRNAs was determined by measuring β-globin mRNA levels with real-time PCR.
(B) The same experiments were performed as in (A) except that the β-globin gene was fused with inverted 3#UTR of TNF-α (inv-ARETNF) or a
TNF-α 3#UTR, in which ARE was deleted (ARE).
(C) The stability of β-globin mRNA containing ARETNF, inv-ARETNF, or ARE was determined as in (A) at different times after Cu2+ removal.
(D) S2 cells stably expressing RNA containing the ARE of TNF-α (ARETNF-RNA) were treated with two rounds of RNAi for dTTP or dHuR. The
mRNA level of dTTP and dHuR in the RNAi-treated or -untreated cells were examined by RT-PCR.
(E) Stability of the ARETNF-RNA in the cells described in (D) was measured by real-time PCR. dTTP RNAi- and dHuR RNAi-treated cells are
indicated as dTTPd and dHuRd, respectively.
The data shown in this figure are representative of three to five independent experiments. The results show the means ± SE (n = 3).control HeLa cells were determined using primer exten-
sion (Figure 2F). Let7 levels were decreased and miR16
was undetectable in Dicerd cells. A serum-inducible
c-fos promoter system has been used for a transient
burst of mRNA synthesis in studies of ARE-mediated
mRNA turnover in NIH3T3 cells (Chen and Shyu, 1994).
We tested this method and found it can be used in
HeLa cells. The pBBB vector-based constructs con-
taining the β-globin gene fused with TNF-α 3#UTR,
ARE-deleted TNF-α 3#UTR, or inverted TNF-α 3#UTR
were transiently transfected into Dicer-deficient (Dicerd)
HeLa cells and control wild-type HeLa cells. The β-glo-
bin mRNA was induced by serum, and the decay of
β-globin mRNA after the transcriptional pulse was de-
termined as described (Chen and Shyu, 1994). The
levels of β-globin mRNA were measured by real-time
PCR (Figure 2G). Just as in the S2 cells, mRNA contain-
ing TNF-α 3#UTR (ARETNF) is unstable in wild-type HeLa
cells but stable in Dicerd HeLa cells (Figure 2G). The
mRNA containing inverted TNF-α 3#UTR (inv-ARETNF)or ARE-deleted TNF-α 3#UTR (ARE) were stable in
both wild-type and Dicerd HeLa cells (Figure 2G). Thus,
Dicer is required for ARETNF-RNA degradation in both
S2 and HeLa cells.
miR16 Is Required for ARETNF-RNA Degradation
One possible reason for the requirement of Dicer and
Ago in ARE-RNA degradation is that miRNA is neces-
sary for ARE-RNA decay. Recent studies have iden-
tified hundreds of miRNAs from different species (Mou-
relatos et al., 2002; Lau et al., 2001; Lagos-Quintana et
al., 2001). By analyzing the sequence of miRNA isolated
from human cells, we found that miR16 contains eight
bases (Figure 3A, in bold) that can pair with ARE in TNF-
α mRNA and has no fortuitous match with TNF-α mRNA
in other regions (Figure 3A). Two genes located in chro-
mosomes 3 and 13 encode miR16 (Mourelatos et al.,
2002). Predicted precursors of miR16 are shown in Fig-
ure 3B. To determine whether miR16 is involved in ARE-
RNA degradation, we designed siRNA to selectively de-
Cell
626Figure 2. Core Elements of the miRNA System Are Required for ARE-Mediated mRNA Instability
(A) ARETNF-RNA-expressing S2 cells were treated with RNAi of dDicer1 or an unrelated gene dPgrp. The levels of dDicer1 and dPgrp mRNA
were determined by RT-PCR.
(B) Stability of ARETNF-RNA in dDicer1 RNAi-treated (dDicer1d), dPgrp RNAi-treated (dPgrpd), or untreated (control) cells was measured by
real-time PCR.
(C) ARETNF-RNA expressing S2 cells were treated with RNAi of dAgo1, or dAgo2, or dPgrp. The mRNA level of dAgo1, dAgo2, and dPgrp
were determined by RT-PCR.
(D) Stability of ARETNF-RNA in the cells treated with different RNAi in (C) was measured by real-time PCR. The cells in which the expression
of dAgo1 or dAgo2 was suppressed by RNAi are indicated as dAgo1d and dAgo2d.
(E) Dicer protein levels in HeLa cells stably transfected with pSuper empty vector (HeLa) or Dicer siRNA expression vector (Dicerd) were
measured by Western blotting with anti-human Dicer antibody.
(F) Primer extensions using 32P-labeled primer of Let7a or miR16 were performed with no RNA (−RNA) or total RNA from HeLa or Dicerd HeLa
cells. Arrows indicate the extension products. Star (*) points to an unrelated product generated from Let7a primer alone. Diamonds indicate
possible precursors.
(G) ARETNF-RNA, inv-ARETNF-RNA, or ARE-RNA were transiently expressed in Dicer-deficient (Dicerd) HeLa cells and control HeLa cells.
mRNA decay was measured by real-time PCR 48 hr after transfection.
The results show the means ± SE (n = 3).stroy the two predicted precursors, pre-miR16-1 and pre- b
amiR16-2 (Figure 3C). After two rounds of siRNA treat-
ment, miR16 levels were examined using primer exten- c
ision and Northern blots. The siRNA of pre-miR16-1 (si-
miR16-1) significantly reduced the miR16 level in HeLa n
hcells while si-miR16-2 had no effect (Figures 3D and
3E), suggesting that miR16 in HeLa cells is primarily R
derived from pre-miR16-1. We then measured the sta-
bility of mRNA containing ARE of TNF-α. As shown in m
βFigure 3F, si-miR16-1 treatment significantly increased
the stability of ARETNF-RNA in contrast with the si- e
tmiR16-2, which had no effect. Pre-miR16-1 is encoded
by a polycistronic gene that also encodes miR15. Since s
bpre-miR16-1 and pre-miR15 are initially in the same
transcript less than one hundred base pairs apart, they c
fshould be expressed simultaneously. We selected
miR15 as a control since it does not pair with ARE, and w
ifound that inhibition of miR15 by siRNA has no effect
on ARETNF-RNA stability (data not shown). Comple- 2
cmentary 2#-O-methyl oligonucleotides have recentlyeen shown to inhibit small RNA function (Meister et
l., 2004). We used a 2#-O-methyl oligonucleotide that
omplements to miR16 (anti-miR16) and found that it
nhibited ARE-RNA degradation while anti-miR21 had
o influence on ARE-RNA decay (Figure 3G). Thus, we
ave determined that miR16 is required for ARETNF-
NA decay.
To determine how general miR16 functions in ARE-
ediated RNA decay, we examined mRNA stability of
-globin mRNA containing the 3#UTR of cyclo-oxygen-
se 2 (Cox2) or urokinase plasminogen activator recep-
or (uPAR). Inhibition of miR16 expression increased the
tability of mRNA containing Cox2 3#UTR (Figure 3H)
ut had almost no effect on the decay of uPAR 3#UTR
ontaining mRNA (Figure 3I). Analysis of ARE from dif-
erent mRNAs shows significant sequence diversity
ith the ARE of TNF, Cox2, and uPAR being classified
nto different groups of ARE sequences (Bakheet et al.,
001). Unlike in TNF and Cox2, ARE in uPAR is not a
luster and contains only one AUUUA motif (see Sup-
miRNA in AU-Rich Element-Mediated RNA Turnover
627Figure 3. miR16 Is Required for ARETNF-RNA Turnover
(A) The sequence of miR16. The sequence in miR16 that complements ARETNF is shown in bold.
(B) The predicted precursors of miR16 encoded by two different genes. The double-strand intermediates of miR16 are shown in bold. The
sequences that are targeted by siRNA in our experiments are underlined.
(C) The sequence of siRNA used to selectively target pre-miR16-1 and pre-miR16-2.
(D) HeLa cells were treated with two rounds of siRNA of pre-miR16-1 (si-miR16-1) or pre-miR16-2 (si-miR16-2). The levels of miR16 were
measured by primer extension.
(E) Northern blot analysis of the samples described in (D) using probes for miR16 or Let7a.
(F) The expression vector of ARETNF-RNA was cotransfected at the second round of siRNA transfection. The stability of ARETNF-RNA was
measured by real-time PCR 48 hr after transfection.
(G) The expression vector of ARETNF-RNA was cotransfected with anti-miR16 or anti-miR21 2#-O-methyl oligonucleotide (5 nM final concentra-
tion in medium). The stability of ARETNF-RNA was measured by real-time PCR 24 hr after transfection.
(H) The expression vector of ARECox2-RNA or (I) AREuPAR-ARE was cotransfected at the second round of si-miR16-1 transfection. The stability
of ARECox2-RNA and AREuPar-RNA were measured by real-time PCR 48 hr after transfection.
The results show the means ± SE (n = 3).plemental Data). Our results shown in Figures 3H and
3I suggest that miR16 is involved in the decay of some,
but not all, types of ARE-RNA.
We next examined whether an increase in miR16
levels can enhance ARETNF-RNA decay. We transiently
transfected a double-stranded miR16 intermediate
(bolded sequence showed in the top panel of Figure
3B), together with the expression plasmid of β-globin
fused with TNF-α 3#UTR (ARETNF; Figure 4A) or ARE-
deleted TNF-α 3#UTR (ARE; Figure 4B). siRNA for
green fluorescent protein (GFP) was used as a control
for the miR16 intermediate. Increasing miR16 in HeLa
cells increased the rate of decay of ARE-containing
mRNA (Figure 4A) but did not change the decay rate
for identical mRNA without the ARE sequence (Figure
4B). siRNA for GFP had no influence on ARETNF-RNA
stability (Figure 4A).To determine whether the effect of miR16 on ARETNF-
RNA degradation is due to the sequence in miR16 that
complements the ARE sequence, we constructed an
expression vector of miR16 and two miR16 mutants:
miR16G with three A to G and miR16C with three A to
C substitutions (Figure 4C). Stable cell lines were estab-
lished after transfection of HeLa cells with an empty
vector (pSuper), miR16, miR16G, or miR16C expression
vector. The expression of miR16, miR16G, and miR16C
in the corresponding cell lines was determined by
primer extension (Figure 4D). The level of miR16 in
miR16-transfected cells is about 2-fold of that in paren-
tal or vector-transfected HeLa cells. The expression
level of miR16G and miR16C were slightly higher than
miR16 based on the radioactivity of extended primers
(data not shown). The stability of ARETNF-RNA in vec-
tor-, miR16-, miR16G-, and miR16C-transfected cells
Cell
628Figure 4. The Complementary Sequence of ARE in miR16 Is Required for miR16 Function in ARE-RNA Degradation
(A) Double-stranded miR16-1 intermediate (miR16-inter, bolded sequence in Figure 3B) or GFP siRNA (si-GFP) was cotransfected with ARETNF-
RNA expression vector into HeLa cells. The stability of ARETNF-RNA was determined by real-time PCR.
(B) miR16-inter or si-GFP was cotransfected with ARE-RNA expression vector into HeLa cells. The stability of ARE-RNA was determined
by real-time PCR.
(C) The sequence of miR16, miR16G, and miR16C.
(D) HeLa cells were stably transfected with pSuper empty vector, miR16, miR16G, or miR16C expression vector. The expression level of
miR16, miR16G, and miR16C were determined by primer extension.
(E) ARETNF-RNA expression vector was transfected into miR16- or miR16G-expressing HeLa cells. The stability of ARETNF-RNA was measured
by real-time PCR.
(F) ARETNF-RNA expression vector was transfected into miR16C-expressing HeLa cells. The stability of ARETNF-RNA was measured by real-
time PCR.
The data shown in this figure are representative of two to three independent experiments. The results show the means ± SE (n = 3).was measured (Figures 4E and 4F). miR16 expres- t
sion reduced ARETNF-RNA stability, while miR16G and m
miR16C had no effect. Thus, the complementary se- o
quence of ARE in miR16 is essential for miR16 function i
in destabilizing ARETNF-RNA. p
T
TmiR16 and TTP Are Dependent on Each Other
ein the Destabilization of ARE-RNA
pARE binding proteins are known to play an important
srole in ARE-RNA decay. TTP is an ARE binding protein
lthat binds to ARE sequences and destabilizes ARE-
nRNA (Carballo et al., 1998). To determine the relation-
mship between miR16 and TTP in regulating ARE-RNA
Astability, we overexpressed miR16 in HeLa cells or HeLa
Tcells in which TTP expression was inhibited by siRNA.
Since TTP homologs can function similarly to TTP in
Adestabilizing ARE-RNA (Stoecklin et al., 2002), the siRNA
oused here targets a common sequence in all three TTP
Tfamily members. It should be noted that although the
WmRNA of TTP can be detected in HeLa cells, TTP pro-
ptein is undetectable by Western blot analysis when cell
lysates are directly used. We speculate that this unde- Tectable signal is due to low protein level of TTP, and
odifications of TTP in HeLa cells widen the TTP band
n SDS-PAGE (Zhu et al., 2001). To detect TTP, we first
mmunoprecipitated TTP and then analyzed the TTP
rotein level by Western blot. As shown in Figure 5A,
TP appears as a smeared band and siRNA of TTP (si-
TP) diminishes TTP expression. As expected (Carballo
t al., 1998; Stoecklin et al., 2002), diminishing TTP ex-
ression stabilized ARETNF-RNA (Figure 5B). As we
howed earlier, the overexpression of miR16 destabi-
izes ARETNF-RNA (Figure 5B). Interestingly, miR16 can-
ot destabilize ARETNF-RNA when TTP expression is di-
inished (Figure 5B). It appears that miR16’s effect on
RETNF-RNA stability requires the presence of TTP or
TP family members.
We then questioned if miR16 controls TTP’s effect on
RETNF-RNA. We overexpressed TTP in the presence
r absence of inhibiting miR16 by siRNA (si-miR16-1).
he overexpressed TTP can be easily detected by
estern blot in HeLa cell lysates (Figure 5C). As ex-
ected, the stability of ARETNF-RNA was reduced in
TP-overexpressed cells and increased in miR16-
miRNA in AU-Rich Element-Mediated RNA Turnover
629Figure 5. miR16 and TTP Are Dependent on Each Other in Destabilizing ARETNF-RNA
(A) HeLa cells and HeLa cells stably transfected with miR16 expression vector (miR16) were transfected with or without siRNA of TTP (si-
TTP). The ARETNF-RNA expression vector was cotransfected at the second round of si-TTP transfection. The cells were lysed and TTP was
immunoprecipitated with anti-TTP antibody immobilized to agarose beads. The TTP protein in the immunoprecipitates was analyzed by
Western blot with anti-TTP antibody.
(B) The stability of ARETNF-RNA in the cells described in (A) was measured by real-time PCR.
(C) HeLa cells were transfected with or without si-miR16-1. ARETNF-RNA expression vector was cotransfected with or without TTP expression
vector at the time of the second round of si-miR16-1 transfection. The expression of TTP was determined by Western blot with anti-TTP an-
tibody.
(D) The stability of ARETNF-RNA in the cells described in (C) was measured by real-time PCR.
The results show the means ± SE (n = 3).diminished cells (Figure 5D). The destabilization effect
of TTP on ARETNF-RNA was not detected when miR16
was inhibited with si-miR16-1 (Figure 5D). Thus, TTP’s
effect on ARE-RNA stability also requires miR16.
TTP Does Not Directly Bind to miR16 but Interacts
with Components of RISC and Assists miR16
in Targeting ARE
Because of the interdependency of miR16 and TTP in
the destabilization of ARETNF-RNA, we set out to deter-
mine whether TTP can bind directly to miR16. 32P-labeled
miR16 was incubated with recombinant TTP in HeLa
cell S-100 extracts. Samples were UV irradiated, di-
gested with RNase and analyzed on SDS-PAGE. As a
control for UV cross-linking, a 32P-labeled ARE-RNA
was used. As shown in Figure 6A, we did not detect
any crosslinking of miR16 to TTP. In contrast, the cross-
linking of the ARE-RNA to TTP was easily detected. Gel
shift assays were also performed to evaluate the in-
teraction between miR16 and TTP. In vitro incubation
of miR16 or miR16G with TTP did not alter the mobilityof these small RNAs (see Figure S1A). The interaction
between TTP and Cox2 ARE, but not the ARE mutant,
was detected (Figure S1B). The sequence of Cox2 ARE
and ARE mutant are provided in the Supplemental
Data.
Although TTP does not directly interact with miR16
in vitro, one cannot exclude the possibility that indirect
interaction of these two molecules occurs inside cells.
To assess this possibility, we immunoprecipitated TTP
and extracted RNA from the immunocomplex. The
presence of miR16 was determined by primer exten-
sion. As shown in Figure 6B, miR16, but not miR21 or
miR23, was detected in the immunoprecipitates, sug-
gesting that TTP and miR16 are in the same complex
within the cells.
Since miR16 should be in a RISC/miRNP complex
(Martinez et al., 2002; Mourelatos et al., 2002), we then
determined if TTP interacts with this complex. It is
known that Ago2 is a component of the RISC complex
in Drosophila. The predicted human homolog of Ago2
is eiF2C2, which is found in RISC or 15S miRNP of HeLa
Cell
630Figure 6. miR16 Does Not Directly Interact
with TTP In Vitro but Can Be Coimmuno-
precipitated with Cellular TTP
(A) In vitro transcribed 32P-UTP-labeled
miR16 and ARE-RNA were incubated with or
without recombinant TTP (0.1 g) in HeLa
cell S-100 extracts at 30°C for 5 min before
UV irradiation. The samples were digested
with RNase and analyzed by SDS-PAGE.
(B) HeLa cells were lysed and immunopreci-
pitated with anti-TTP antibody or preimmune
serum. RNA was extracted from the immu-
noprecipitates, and the presence of miR16,
miR21, and miR23 was determined by primer
extension. Arrows indicate the extension
products.
The data shown in this figure are representa-
tive of two to three independent experi-
ments.cells (Mourelatos et al., 2002; Martinez et al., 2002). To A
cdetermine whether TTP can interact with eiF2C2, we
coexpressed HA-tagged TTP with myc-tagged eiF2C2 m
rin 293 cells. As shown in Figure 7A, eiF2C2 coimmuno-
precipitates with TTP. The interaction of eiF2C2 with q
iTTP is selective because eiF2C2 cannot be detected in
the immunoprecipitates of HA-PRAK (p38 regulated w
iand activated kinase; Figure 7A). eiF2C4 is an eiF2C
family member with w80% sequence identical to eiF2C2. f
sThe coimmunoprecipitation of eiF2C4 and TTP is also
observed when these two proteins are expressed in 293 t
tcells (Figure 7A). Thus, TTP either directly or indirectly
interacts with eiF2C/Ago family members inside cells. l
iTo determine whether eiF2C2 can complex with the
ARE binding protein that stabilizes ARE-RNA, we ex- l
iamined coimmunoprecipitation of eiF2C2 and HuR.
Myc-eiF2C2 was coexpressed with HuR in 293 cells w
tand immunoprecipitated with anti-myc antibody. We
were unable to detect HuR in the immunocomplex (Fig- q
ture 7B). Again, HA-TTP was detected in the immuno-
precipitate of eiF2C2. These data indicate that the as- e
Asociation of TTP to Ago family members is specific.
Since anti-eiF2C4 antibody is the only antibody cur- w
mrently available for us to detect an endogenous argo-
naute protein in human cell lysates, we examined
whether endogenous TTP and eiF2C4 interact by coim- D
munoprecipitation. HeLa cell lysates were immuno-
precipitated with anti-TTP antibody, preimmune serum, T
eor anti-MKK3 (MAP kinase kinase 3) antibody. The im-
munoprecipitates were analyzed by Western blot and m
sare shown in Figure 7C. We found that eiF2C4 is de-
tected in the immunoprecipitate of TTP, but not in the n
econtrols.
We show that the sequence in miR16, which pairs o
mwith ARE, is required for miR16 to regulate ARETNF-RNA
stability (Figure 4). However, studies suggest that short I
acomplementary sequences are not sufficient for guid-
ing a miRNA to its target (Doench et al., 2003). Since c
2TTP is required for miR16’s effect on ARETNF-RNA sta-
bility (Figure 5), and TTP can interact with RISC com- o
dplex, it is possible that TTP interacts with RISC to facili-
tate or stabilize miR16 targeting of ARE. To test this g
(possibility, we transcribed RNA containing the ARE or
ARE mutant (AREmut) sequence of Cox2 mRNA in vitro. A
dBiotin-labeled adenine was added to the RNA by polypolymerase. In order to have a miRNA containing
ompensatory mutations of the AREmut, miR16g2 was
ade by a three-base substitution in the UAAAUAUU
egion of miR16 (see Experimental Procedures for se-
uence). The biotin-labeled ARE-RNA (biotin-ARE) was
ncubated with 32P-labeled miR16 or miR16g2, together
ith recombinant TTP or bovine serum albumin (BSA)
n HeLa cell S-100 extracts. Since RISC is rapidly
ormed in HeLa cell cytoplasmic extracts after adding
ingle-strand RNAs of length 19 to 29 nucleotides (Mar-
inez et al., 2002), the miR16 in the above reaction mix-
ure should enter RISC early in the reaction. The biotin-
abeled RNA was pulled down by avidin-beads after
ncubation and the miRNA associated with biotin-
abeled RNA was determined by 32P counts. As shown
n Figure 7D, miR16 was pulled down by ARE-RNA
hen TTP was present, supporting the idea that
argeting ARE by miR16 is TTP dependent. The se-
uence-specific targeting is supported by the result
hat miR16g2 was not pulled down by ARE in the pres-
nce of TTP (Figure 7D). The interaction of TTP and
RE appears to be equally important since AREmut,
hich is not able to interact with TTP, cannot pull down
iR16g2 in the presence of TTP.
iscussion
he ARE motif (AUUUA) is the most studied cis-acting
lement responsible for rapid turnover of unstable
RNAs in mammalian cells. In the quest for a genetic
ystem that allows a comprehensive search for compo-
ents involved in ARE-mediated decay of mRNA, we
xamined Drosophila S2 cells and found that the decay
f ARE-containing RNA in S2 cells is regulated in a
anner similar to that in mammalian cells (Figure 1).
nhibition of gene expression by RNAi is much easier
nd more cost effectively conducted in Drosophila S2
ells compared to mammalian cells (Clemens et al.,
000), which allowed us to investigate a large number
f genes for their involvement in ARE-mediated RNA
ecay. Surprisingly, knockdown of Drosophila Dicer1
ene expression led to stabilizing an ARE-RNA reporter
Figure 2B). Further studies revealed that Drosophila
go1 and Ago2 are required for ARE-mediated RNA
egradation (Figure 2D), suggesting involvement of the
miRNA in AU-Rich Element-Mediated RNA Turnover
631Figure 7. TTP Associates with Ago/eiF2C Family Members and Assists miR16 Target to ARE
(A) Myc-eiF2C2, flag-eiF2C4, and HA-TTP expression vectors were cotransfected into 293 cells in indicated combinations. HA-PRAK was
used as a control for HA-TTP. Transfected cells were lysed and the HA-tagged proteins were pulled down with anti-HA antibody immobilized
on agarose beads. The cell lysates and immunoprecipitates were analyzed by Western blots with anti-HA, anti-myc, and anti-flag antibodies.
(B) The expression vectors of myc-eiF2C2, HuR, and HA-TTP were cotransfected into 293 cells in different combinations as indicated. The
cells were lysed and the myc-tagged proteins were pulled down with anti-myc antibody immobilized on agarose beads. The cell lysates and
immunoprecipitates were analyzed by Western blots with anti-HuR, anti-HA, and anti-myc antibodies.
(C) HeLa cell lysates were immunoprecipitated with anti-TTP antibody. The preimmune serum and anti-MKK3 antibody were used as controls
in the immunoprecipitation. The immunoprecipitates were analyzed by Western blotting with anti-eiF2C4 and anti-TTP antibodies.
(D) ARECox2-RNA and AREmut was in vitro transcribed and labeled with biotin-N6-ATP by poly A polymerase. miR16 and miR16g2 were
labeled with 32P using T4 kinase. 32P miR16 or miR16g2 was incubated with biotin-ARECox2-RNA or biotin-AREmut-RNA in HeLa cell S-100
extracts in the presence or absence of recombinant TTP (1 g) at 30°C for 10 min. Biotin-RNA was pulled down by NeutrAvidin beads. 32P-
labeled miRNAs that were pulled down with biotin-ARE-RNAs were quantified by scintillation counter after thoroughly washing the beads.
The results show the means ± SE (n = 3).miRNA system. We then confirmed that human Dicer is
required in ARE-RNA degradation in HeLa cells, which
implies that this underlying mechanism is conserved in
the mammalian cells (Figure 2G). Given the involvement
of Dicer in HeLa cells, we reasoned that miRNA(s) are
involved in ARE-mediated RNA decay and conducted
a search for miRNAs that possess a complementary se-
quence to the canonical AUUUA sequence of ARE. We
identified miR16 as a potential candidate due to the
presence of the sequence UAAAUAUU, and showed
that downmodulation and overexpression of miR16 in-
creased or decreased, respectively, the stability of a
RNA reporter containing ARE of TNF or Cox2, but not
uPAR (Figures 3 and 4). Furthermore, we determined
that the regulation of ARETNF-RNA decay by miR16 is
sequence specific (Figures 4E and 4F). Just as with
Dicer, a function of Ago family members in ARETNF-RNA
degradation is likely to be the processing of miR16.However, the interaction with the ARE binding protein
TTP indicates that Ago/eiF2C family members also play
a crucial role in the targeting of miR16 to ARE (Figures
6 and 7). Our data presented in this communication de-
monstrates the involvement of miR16 in controlling
ARE-RNA turnover and suggests that cooperation of
miRNA and ARE binding proteins is essential in the re-
cognition of ARE and in triggering mRNA degradation.
Studies have shown that the ability of miRNA to
target mRNA is directed by the pairing of miRNA to
mRNA (Wightman et al., 1993; Lee et al., 1993; Yekta et
al., 2004). We show here that the ARE-complementary
sequence in miR16 is indeed required for miR16 func-
tion in destabilizing ARE-RNA (Figures 4E and 4F).
However, pairing with no more than an eight-base ARE-
sequence may not be sufficient for miR16 to target
ARE-RNA. In addition, the pairing of miR16 to ARE is
not in the 5# region of miRNA, which is believed to be
Cell
632more critical in causing gene repression than the 3# re- H
gion (Doench and Sharp, 2004). We speculate, then, o
that TTP is a factor that assists miR16 targeting to ARE a
sequences due to its ability to interact with the ARE h
and RISC complex. This explains why miR16-mediated 2
ARE-RNA instability requires TTP (Figure 5B). In addi- i
tion, the requirement of miR16 in TTP-mediated desta- t
bilization of ARE-RNA (Figure 5D) suggests that targeting 2
of miR16 to ARE is a necessary step for RNA degra- A
dation. s
ARE sequences from different mRNA can vary dra- d
matically (Bakheet et al., 2001), with some containing t
multiple AU-rich elements that allow for simultaneous n
interaction with more than one miRNA. This could influ- h
ence the ability of miRNA to promote RNA degradation 2
because of the potential synergistic effect of miR16 to s
bind to multiple sites. This synergism has been demon- 2
strated in a study that shows the addition of multiple (
binding sites of CXCR4 siRNA into 3#UTR of a reporter a
results in more translation inhibition than expected s
when summing up the individual effects of each binding h
site (Doench et al., 2003). The number of pairs that i
miR16 can form with different ARE sequences varies C
from five to eight, and the strength of interaction be- s
tween miR16 and different AREs in a given mRNA may D
also vary. The number of miRNAs targeted to an mRNA p
and the strength of the interaction may both contribute a
to the quantitative control of mRNA turnover or transla- m
tion. Perhaps since no more than six pairs can form i
between miR16 and ARE of uPAR and since uPAR has a
only one AUUUA motif in the 3#UTR, miR16 does not i
have a significant effect on the stability of mRNA con- c
taining uPAR 3#UTR (Figure 3I). a
miR16 is conserved in mammals. Although a homo-
a
log of miR16 has not been found in Drosophila, miR289
wcontains UAAAUAUUUA, and four other known Dro-
asophila miRNAs contain a UAAAU sequence (Figure
S2A). Among them, at least miR277, miR289, and
tmiR304 are expressed in S2 cells (data not shown). We
oused 2#-O-methyl oligonucleotides to test for Drosoph-
fila miRNA that could be involved in ARE-RNA degrada-
ttion in S2 cells. The anti-miR289 oligo significantly sta-
tbilized mRNA containing TNF-α ARE, while the other
mfour oligos had no or very modest effects on the sta-
2bility of ARETNF-RNA (Figure S2B). miR289 had a similar
beffect on the stability of AREIL-6-RNA and AREIL-8-RNA
m(Figure S2C). Sequence comparisons showed that
OmiR289 partially complements with ARE, but not the
qother regions of these 3#UTRs (Table S2). Thus, miR289
cis likely to be a miRNA that has a role in regulating ARE-
cRNA in S2 cells.
tThough we have shown the association of miR16
with ARE-RNA in the presence of TTP and S-100 in vi- m
tro, the exact mechanism of miRNA targeting of ARE o
and regulation of RNA degradation remains undeter- m
mined. Because of the similarity between siRNA and
miRNA in regulating gene expression (Doench et al.,
E2003; Saxena et al., 2003), miR16-mediated ARE-RNA
degradation could be similar to siRNA-mediated mRNA P
decay. It is theoretically possible that the targeting of R
ARE with miRNA leads to mRNA cleavage at the β
targeting site since RISC has been shown to be an RNA p
Iendonuclease in vitro (Martinez and Tuschl, 2004).owever, translational suppression caused by miRNA
r imperfect pairing of siRNA suggests that endonucle-
se activity is not always associated with RISC (Rein-
art et al., 2000; Doench et al., 2003; Saxena et al.,
003). Since ARE-RNA degradation is believed to be
nitiated by deadenylation and subsequent targeting by
he exosome pathway (Lai et al., 1999; Chen et al.,
001; Mukherjee et al., 2002), and since endocleaved
RE-RNA was not detected in our system (data not
hown), we believe that the RISC involved in ARE-RNA
ecay is not associated with endonuclease activity. At
he present, it is not clear if RISC can execute an exo-
uclease function, although an exonuclease, Tudor-SN,
as been found in the RISC complex (Caudy et al.,
003). TTP has been shown to bind to extended ARE
equences by virtue of its zinc finger (Michel et al.,
003) and associates with components of exosomes
Chen et al., 2001); we have shown here that TTP is also
ssociated with eiF2C/Ago family members. A recent
tudy reported that an exosome associated DexH box
elicase facilitates ARE-RNA deadenylation and decay
n mammalian cells (Tran et al., 2004). Interestingly, a
. elegens homolog of this DexH box protein has been
hown to interact with a protein complex containing
icer, RDE-1, and RDE-4 (Tabara et al., 2002). It ap-
ears that ARE binding proteins, miRNA, deadenylase,
nd exosomes cooperate with each other in regulating
RNA degradation. Combining the evidence generated
n our study with that reported in the literature, we favor
model in which TTP binds to an ARE and transiently
nteracts with the RISCs that scan mRNA. When a RISC
ontaining miR16 encounters TTP, it stays with ARE
nd TTP due to base complementarity between miR16
nd ARE. It is conceivable that RISC, in conjunction
ith TTP, serves to recruit proteins for deadenylation
nd/or exosomes for mRNA degradation.
Hundreds of miRNAs have been identified, but the
argets of most miRNAs are unknown. Since perfectly
r nearly perfectly paired sequences can only be found
or a few miRNAs, computational as well as experimen-
al approaches have been developed to identify poten-
ial miRNA targets that do not contain perfect comple-
entary sequences (Lewis et al., 2003; Kiriakidou et al.,
004). Although these approaches have been shown to
e very useful, ARE was not identified as the target of
iR16 through currently available computer programs.
ur data suggest that additional factors, such as se-
uence-specific RNA binding proteins, needs to be
onsidered in studying the function of miRNA. As in the
ase of miR16, many miRNAs may require specific pro-
eins in binding to their mRNA targets. The role of many
iRNAs may need to be studied, not only in the context
f miRNA-mRNA interaction, but also the interaction of
iRNA complexes with other proteins.
xperimental Procedures
lasmids
eporter plasmids for S2 cells were constructed by subcloning the
-globin gene from the pBBB vector (Chen and Shyu, 1994) into
RMHα-3 vector using SacI and KpnI sites. The 3#UTR of TNF-α,
L-6, or IL-8 were inserted into the 3#UTR region of β-globin using
miRNA in AU-Rich Element-Mediated RNA Turnover
633the BglII site. Deletion of AREs from TNF-α 3#UTR was accom-
plished by PCR recombination. The mutations of Cox2 ARE were
made by replacement with synthetic oligonucleotides. The se-
quences of TNF UTR, TNF UTRARE, Cox2 ARE, Cox2 ARE mutant
(AREmut), and uPAR UTR are shown in the Supplemental Data.
pBBB vector was used to construct reporter plasmids for mamma-
lian cells. The genes encoding pre-miR16 and pre-miR15 were am-
plified from human genomic DNA and subcloned into pSuper vec-
tor (Brummelkamp et al., 2002). The Dicer siRNA sequence has
been reported (Hutvagner et al., 2001) and was subcloned into
pSuper vector. The TTP, HA-TTP, and his-TTP expression vector
has been described in our previous publication (Zhu et al., 2001).
Flag-eiF2C4 was subcloned into pCMVFlag vector. Myc-eiF2C2 ex-
pression plasmid was kindly provided by Dr. K. Saigo (University
of Tokyo).
RNAi and Antisense Inhibition
RNAi in S2 cells was performed using double-strand RNA, and
siRNA treatment in HeLa cells was achieved using either synthetic
oligonucleotides or stable expression by pSuper vector. Two
rounds of RNAi or siRNA treatments were performed. The se-
quence of the functional strand of TTP siRNA is gttgtggatgaagtgg
cagcg, which can also target Tis11B and Tis11D. Antisense 2#-O-
methyl oligonucleotides were used to inhibit miRNAs as described
(Meister et al., 2004). See Supplemental Data for more details.
Measurement of mRNA Stability
The β-globin reporter genes were stably transfected in S2 cells and
transiently expressed in HeLa cells. β-globin mRNA in S2 cells was
induced by addition of CuSO4 (0.5 mM) for 10 hr. The transcription
was stopped by actinomycin D (10 g/ml) or the removal of CuSO4.
β-globin mRNA in HeLa cells was induced by 20% serum after se-
rum-starvation (0.5% serum) for 24 hr. Real-time RT-PCR was per-
formed on the ABI PRISM 7700 or 7900HT Sequence Detection
System. Each sample was run in triplicate. The relative RNA amount
was calculated with the Ct method and normalized with internal
control glyceraldehydes-3-phosphate dehydrogenase (GAPDH).
In Vitro Pull-Down Assay
RNA of Cox2 ARE and Cox2 AREmut were transcribed using T7
RNA polymerase for 2 hr at 37°C. The RNA was phenol/chloroform
extracted and precipitated after the template had been digested
by RNase-free DNase. Poly A polymerase (USB Corporation) was
used to add an additional poly(A) tail to the RNA with 1:4 ratio of
biotin-labeled ATP:ATP (ENZO Diagnostics). The biotin labeled RNA
was repurified by phenol/chloroform extraction and ethanol precip-
itation. miR16 and miR16g2 (uagcagcacguacaaguuggcg) were la-
beled by 32P at 5# end with T4 kinase. Each of the labeled miRNA
(5 × 106 cpm) was added to a 30 l reaction mixture containing 15
l HeLa cell S-100 extract (4C Biotech, Belgium), 1 mM ATP, 0.2
mM GTP, 40 U/ml RNasin, 5 mM EGTA, 30 g/ml creatine kinase,
25 mM creatine phosphate, 200 pmol biotin-labeled RNA, and 1 g
of recombinant TTP. The reaction was carried out for 10 min at
30°C. The biotin-labeled RNA was pulled down by NeutrAvidin
beads (Pierce) that had been preblocked with S-100 extracts. The
amount of miRNA bound to RNA was determined by scintillation
counter.
In Vitro Protein-RNA Crosslinking and RNA
Electrophoretic Mobility Shift Assay
In vitro transcribed 32P-labeled ARE-RNA and miR16 were used in
a crosslinking assay. In vitro transcribed ARE-RNA and 5# end 32P-
labeled mi16 or miR16G were used in gel-shift assay. See the Sup-
plemental Data for details.
Immunoprecipitation, Western Blotting, Northern
Blotting, and Primer Extension
Immunoprecipitations were performed using whole-cell extracts.
Western blot was performed as described (Zhu et al., 2001). Primer
extension was performed as described (Hutvagner et al., 2001). The
Northern blot analysis of miRNA was performed as described(Sempere et al., 2002) except the oligo probes were 32P labeled by
T4 kinase. See the Supplemental Data for details.
Supplemental Data
Supplemental Data include two figures, two tables, Supplemental
Discussion, and Supplemental Experimental Procedures and can
be found with this article online at http://www.cell.com/cgi/content/
full/120/5/623/DC1/.
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